Applying 10 pmol of okadaic acid (OA), a specific inhibitor of type 1 or type 2A serine/threonine protein phosphatases, to the orchid (Phalaenopsis species) stigma induced a dramatic increase in ethylene production and an accelerated senescence of the whole flower. Aminoethoxyvinylglycine or silver thiosulfate, inhibitors of ethylene biosynthesis or action, respectively, effectively inhibited the OA-induced ethylene production and retarded flower senescence, suggesting that the protein phosphatase inhibitor induced orchid flower senescence through an ethylene-mediated signaling pathway. OA treatment induced a differential expression pattern for the 1-aminocyclopropane-1-carboxylic acid synthase multigene family. Accumulation of Phal-ACS1 transcript in the stigma, labelum, and ovary induced by OA were higher than those induced by pollination as determined by "semiquantitative" reverse transcriptase-polymerase chain reaction. In contrast, the transcript levels of Phal-ACS2 and Phal-ACS3 induced by OA were much lower than those induced by pollination. Staurosporine, a protein kinase inhibitor, on the other hand, inhibited the OA-induced Phal-ACS1 expression in the stigma and delayed flower senescence. Our results suggest that a hyper-phosphorylation status of an unidentified protein(s) is involved in up-regulating the expression of Phal-ACS1 gene resulting in increased ethylene production and accelerated the senescence process of orchid flower.
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The gaseous plant hormone ethylene is involved in senescence of plant organs, such as fruits, leaves, and flowers. Application of inhibitors of ethylene biosynthesis or action delays the senescence process, indicating that ethylene plays an important signaling role in these processes (Yang and Hoffman, 1984) .
Ethylene is synthesized in plant tissues via the conversions of S-adenosyl-Met to 1-aminocyclopropane-1-carboxylic acid (ACC), catalyzed by ACC synthase, and of ACC to ethylene, catalyzed by ACC oxidase. ACC synthase, which is encoded by a multiple gene family, is generally regarded as the ratelimiting enzyme in the ethylene biosynthetic pathway (Yang and Hoffman, 1984; Kende, 1993) . The expression of the enzyme is controlled by a variety of environmental factors, such as flooding (Olson et al., 1995; Shiu et al., 1998) and chilling (Lelievre et al., 1997) , and developmental factors, such as fruit ripening and flower senescence (Rottmann et al., 1991) . However, the mechanism by which the expression of different ACC synthase genes is activated is not well understood at the signal transduction level. Senescence of the orchid (Phalaenopsis spp.) flower has been shown to serve as a good model system for addressing such a question.
Pollination of the orchid flower induces a dramatic increase in ethylene production, which subsequently causes a rapid petal wilting, whereas the longevity of intact un-pollinated flowers may reach as long as several months (O'Neill et al., 1993) . Three ACC synthase genes, Phal-ACS1, Phal-ACS2, and Phal-ACS3, are differentially expressed in the pollinated orchid flower as recently shown by Bui and O' Neill (1998) . They suggested that Phal-ACS2 and Phal-ACS3 are induced by primary, whereas Phal-ACS1 is induced by a secondary pollination signal. Porat et al. (1995) have shown that pollination induces significant increases in the level of protein phosphorylation and ethylene production in orchid flowers. Treating the pollinated flower with inhibitors of ethylene biosynthesis or action prevents the increase in protein phosphorylation (Porat et al., 1995) . In an earlier paper by Porat et al. (1994) , they briefly stated that treatment of un-pollinated orchid flowers with okadaic acid (OA), a specific inhibitor of type 1 and 2A protein phosphatase (Cohen et al., 1990) , accelerated their senescence. However, whether ethylene was involved in OA-induced flower senescence was not investigated, nor was the possible relationships between protein phosphorylation/dephosphorylation and differential control of ACC synthase gene expression.
The use of protein kinase and protein phosphatase inhibitors provides a powerful approach for the initial assessment of the role of protein phosphorylation/dephosphorylation in controlling numerous cellular events (Smith and Walker, 1996) . OA and staurosporine (STA), a potent inhibitor of different groups of protein kinase (Tamaoki, 1991) , have been frequently used to study the regulation of signal transduction processes in plants. We have therefore chosen orchid flower as a model system and used OA and STA to study the possible role of protein phosphorylation/dephosphorylation in the regulatory mechanism of multiple ACC synthase gene expressions during the flower senescence.
RESULTS

OA-Induced Orchid Flower Senescence via an EthyleneMediated Pathway
Applying 10 pmol of OA to the orchid stigma induced an accelerated senescence of all organs of the flower in 2 d (Fig. 1A) , which was different from the phenotype of pollination-induced senescence by not exhibiting the swelling of stigma and ovary (Fig. 1B) . A dramatic increase in ethylene production, which was consistently higher than that induced by pollination, was observed during the OA-induced flower senescence process (Fig. 2) . Both the ethylene biosynthesis inhibitor aminoethoxyvinylglycine (AVG) and the ethylene action inhibitor silver thiosulfate (STS) effectively inhibited the OA-induced ethylene synthesis (Fig. 3) and retarded flower senescence (Fig.  1A) , suggesting that OA induced orchid flower senescence through an ethylene-mediated signaling pathway. We also found that pollination after 0 to 12 h of OA treatment lowered OA-induced ethylene production to the pollination-induced level (data not shown) and sustained the post-pollination development of the stigma, ovary (Fig. 1B) , and fruit (data not shown). These observations suggest that OAinduced senescence was not due to its toxic effect on the plant cells because this effect can be partially reversed by other signals, in this case, pollination.
OA-Induced Differential Expression of ACC Synthase Genes in Orchid Flowers
Since the OA-induced flower senescence was apparently caused by an increase in ethylene production, we have therefore investigated whether this compound exerts its effect on ACC synthase gene expression. With a "semiquantitative" reverse transcriptase (RT)-PCR method, we found that OA induced differential expression patterns of the multigene family in orchid flower organs, which was very different from that of the pollinated flower (Fig. 4) .
OA treatment induced a rapid accumulation of Phal-ACS1 mRNA in stigma and labelum (reaching its peak at 12 h) and then in ovary (detectable at 24 h after OA treatment) (Fig. 4) . The OA-induced expression level of Phal-ACS1 was higher than that induced by pollination in all three organs. OA also induced the Phal-ACS3 gene expression in stigma and ovary, but the level was much lower than that induced by pollination (Fig. 4) . In contrast with the results of pollinated flower, the transcript of Phal-ACS2 gene was hardly detected in OA-treated stigma, labelum, or ovary (Fig. 4) .
Since Phal-ACS1 is positively regulated by ethylene, it is likely that OA promoted ethylene production by affecting ACC synthase activity in OA-treated flower, which subsequently up-regulated Phal-ACS1 expression. It should be noted that AVG, which inhibited the OA-induced ethylene production ( Fig. 3) , did not inhibit the OA-induced Phal-ACS1 expression in stigma (data not shown), suggesting that the initial induction of Phal-ACS1 was not associated with ethylene production. STA, a protein kinase inhibitor, on the other hand, inhibited the OA-induced Phal-ACS1 expression in stigma ( Fig. 5A ) and retarded OAinduced flower senescence (Fig. 5B ). These results suggested that protein phosphorylation event(s) upregulated, while protein dephosphorylation event(s) down-regulated, the Phal-ACS1 gene at the transcriptional level in orchid flower. The semiquantitative RT-PCR method was also conducted to investigate the expression patterns of ACC synthase genes during natural senescence process in the stigma of orchid flower. Similar to the OA-induced senescence, naturally senescent flowers accumulated Phal-ACS1 and Phal-ACS3 transcripts in stigma at the onset of the senescence process ( Fig. 6 ), whereas no detectable expression of Phal-ACS2 gene was observed (data not shown).
DISCUSSION
Here, we report physiological and molecular changes during an accelerated senescence process of Flowers were detached and treated as described in Figure 1 . At each indicated time point, the flowers were individually enclosed in a 1-L chamber for 1 h, and their ethylene production rates were analyzed by GC as described in "Materials and Methods." Points and bars represent the mean of three replications Ϯ SE.
orchid flower induced by OA, a type 1 or type 2A Ser/Thr protein phosphatases inhibitor. OA treatment dramatically shortens the longevity of the flower from more than several months to just within 2 d, which is similar to the pollination effect (Porat et al., 1994; present study) . OA apparently has little effect on the pollination and post-pollination process of the orchid flower, which is somehow unexpected. It has been shown that OA inhibits pollen tube growth during cross-pollination in Brassica flowers (Rundle et al., 1993) . Since growing pollen tubes of orchid flowers are required to supply auxin to the ovary for a mature fruit development (Zhang and O'Neill, 1993) , the normal fruit formation of the OAtreated flower followed by pollination indicates that OA treatment on stigma does not interfere with the orchid pollen tube growth.
In this study, we found that OA-induced flower senescence observed by Porat et al. (1994) was apparently mediated through the production of ethylene. Furthermore, transcription of ACC synthase genes were differentially influenced by OA treatment. Our result is the first report to show the possible relationship of ACC synthase gene expression and protein phosphorylation during flower senescence. Measurement of gene transcripts by RT-PCR revealed that expression patterns of ACC synthase genes in OAtreated flower organs differ notably from that of pollination (Fig. 4) . The most obvious difference was the earlier and higher expression of Phal-ACS1 induced by OA (Fig. 4 ), indicating that the higher level of ethylene produced by OA-treated flower (Fig. 2) resulted from more abundance of its transcript.
It has been shown that protein phosphatase inhibtor calyculin A causes a rapid increase of ACC synthase activity in tomato suspension-cultured cells presumably by affecting its turnover (Spanu et al., 1994) . Since Phal-ACS1 is known to be autocatalytically regulated by ethylene signal (Bui and O' Neill, 1998) , it is possible that OA activated ACC synthase activity and promoted ethylene production, which in turn caused the induction of Phal-ACS1. The possible involvement of ethylene on OA-induced Phal-ACS1 expression was examined by using ethylene synthesis inhibitor AVG. AVG inhibited ethylene production by OA-treated flower to an undetectable level (Fig. 3) but did not affect Phal-ACS1 expression (data not shown). We found that detached orchid flower did not accumulate Phal-ACS1 transcript up to 12 h of treatment at exogenous ethylene concentration below 1 L L Ϫ1 . Therefore, the initial induction of Phal-ACS1 by OA was unlikely due to an increased ethylene production. However, we cannot exclude the possibility that OA might increase ethylene sensitivity or amplify its signal in the flower.
In the ethylene signal transduction pathway, the ethylene receptors resemble prokaryotic "twocomponent" regulators with a conserved His kinase domain (Chang et al., 1993) . A putative Ser/Thr protein kinase, CTR1, located at the downstream of the receptor, is closely related to the animal Raf protein kinase family (Kieber et al., 1993) . Both the ethylene receptors (Tieman et al., 2000) and CTR1 (Kieber et al., 1993) have been genetically shown to be negative regulators of the ethylene response pathway. So far, no evidence indicates that protein phosphatases are directly involved in the pathway. At this time, we are not clear how OA treatment could affect the expression of Phal-ACS1. One explanation for this phenomenon is that a delicate balance of the phosphorylation status of certain components of the ethylene signal transduction pathway is closely associated with the induction of the ethylene signal (Ecker, 1995) .
The opposing effect exerted by STA on OA-induced Phal-ACS1 gene expression in un-pollinated flowers (Fig. 5) were consistent with the hypothesis that the proteins critical for signaling are the phosphorylated forms that undergo continual phosphorylation and dephosphorylation and that in the absence of the stimuli (e.g. ethylene) the phosphorylation status of the relevant proteins is kept low in the basal state because the protein phosphatases involved are more active than the corresponding protein kinases (Felix et al., 1994) . In the presence of OA, the phosphorylation status becomes higher, and, hence, the signaling pathway is activated, while the protein kinase inhibitor STA antagonizes the effect of OA by depressing the transduction of the signal. Our results presented here inferred that hyperphosphorylation of certain unidentified signaling components was responsible for upregulating Phal-ACS1 during the senescence of orchid flower, which is in agreement with the scheme explaining the induction of ethylene-dependent pathogenesis related genes by phosphorylation events (Raz and Fluhr, 1993).
Another notable difference between the effects of OA and pollination were the expression of Phal-ACS2 and Phal-ACS3 genes. Pollination signal elicited higher levels of both Phal-ACS2 and Phal-ACS3 transcription in stigma and ovary, whereas no expression of Phal-ACS2 gene and quite lower level of Phal-ACS3 expression were observed in OA-treated flower organs (Fig. 5) . Phal-ACS2 and Phal-ACS3 have been shown to be regulated primarily by the signal of pollination (Bui and O' Neill, 1998) . It is to be noted that the results of expression pattern of the three pollination-induced ACC synthase genes using the semiquantitative RT-PCR method in this study are similar to that reported previously done by northern blotting (Bui and O' Neill, 1998) . In this study we observed that Phal-ACS3 gene, which has been suggested to be ovary-specific (Bui and O' Neill, 1998) , was also detected in stigma in our experiments (Fig.  5) . This may result from the higher sensitivity of RT-PCR to amplify low copy number of transcripts. Bui and O'Neill (1998) hypothesized that Phal-ACS3 in ovary is to synthesize ACC available for translocation to other floral organs. From the expression patterns in natural senescent orchid flower (Fig. 6) , Phal-ACS2 seemed to be not required for the ethylene biosynthesis during this process. The transcript of Phal-ACS3 was detected later than that of Phal-ACS1 (Fig. 6 ), suggesting that, unlike pollination-induced senescence, Phal-ACS3 is not responsible for the in-duction of Phal-ACS1 in the natural senescence. It is likely that there exists another ACC synthase gene that is induced early during the natural senescence process and is responsible for triggering the subsequent induction of Phal-ACS1. Zhou et al. (1998) recently have shown that in Arabidopsis there exists a cross talk between Glc and ethylene signal transduction, which act antagonistically. Thus, a metabolic change, such as Glc level, during the onset of flower senescence also could induce the expression of Phal-ACS1, resulting in autocatalytic ethylene production and accelerated senescence process.
The involvement of protein phosphorylation events in regulating ACC synthase and hence ethylene biosynthesis has also been reported in other cases, but no definite conclusion have been reached. It is probable that ACC synthase gene could be regulated at multiple levels, i.e. transcriptional, translational, or post-translational, which in turn controls the production of this important hormone. Spanu et al. (1994) have shown that protein kinase inhibitor decreased, whereas protein phosphatase inhibitor increased ACC synthase activity in tomato suspensioncultured cells when pretreated with fungal elicitors. They suggested that protein phosphorylation and dephosphorylation were involved not by regulating the catalytic activity itself but by controlling the rate of turnover of the enzyme. Although Spanu et al. (1994) reported that the in vitro ACC synthase activity was not affected by protein kinase inhibitors, or by direct treatments with protein phosphatases, it is not known whether ACC synthase is phosphorylated or not. Tuomainen et al. (1997) also reported that ACC synthase activity was regulated by protein phosphorylation/dephosphorylation in ozone-exposed tomato plants. Mathooko et al. (1999) recently observed that inhibitors of protein kinase and type 1 and 2A protein phosphatases, which inhibited and stimulated, respectively, CO 2 stress-induced ethylene production in cucumber fruit but had little effect on the expression of ethylene biosynthesis genes, suggesting a post-transcriptional control rather than a transcriptional control of ACC synthase. On the other hand, also by using inhibitors of protein kinase and phosphatase, Kim et al. (1997) postulated that both protein phosphorylation and protein dephosphorylation are involved in the ethylene-regulated induction of ACC oxidase transcripts and suppression of the ACC synthase transcript in mung bean hypocotyls. The differences found among these previous reports and our present study might be due to the tissue specificity of the regulatory mechanism.
MATERIALS AND METHODS
Plant Materials
Orchid (Phalaenopsis spp.) plants (cv KC1502) were obtained from a local supplier (KingCar Biotechnology, I-Lan, Taiwan). Fully opened flowers were harvested by excision at the pedicel abscission zone and placed immediately in tubes containing water and kept at room temperature (approximately 25°C) before and after various treatments. Following treatments, the stigma, ovary, and labelum parts were collected separately and frozen in liquid N 2 for later use.
Experimental Treatments
For pollination experiments, the detached flowers were self-pollinated by placing the pollinia on the stigma. For chemical treatments, the detached flowers were treated by applying 20 L of 0.01% (v/v) dimethyl sulfoxide in deionized water as a control or 20 L of 0.01% (v/v) dimethyl sulfoxide containing 10 pmol OA, 0.3 nmol STA, 2 nmol STS, or 0.8 nmol AVG, or combinations thereof directly to the stigma. When STS or AVG were used, flowers were pretreated with these inhibitors overnight to ensure penetration of the inhibitors prior to treatment with other chemicals. At least four flowers were used for each treatment. Total RNA was isolated after a 12-h exposure to ethylene.
Ethylene Production Measurement
Individual, detached whole flowers in vials containing water were sealed in 1-L chambers for 1 h. One milliliter of gas sample was withdrawn with a syringe from the chamber, and its ethylene concentration was determined by gas chromatography.
RNA Isolation
Total RNA of orchid flower organs was isolated by using a commercial reagent according to the manufacturer's instructions (TRIZOL, Life Technologies/Gibco-BRL, Cleveland). To avoid amplification of Phal-ACS genomic DNA in RT-PCR analysis, isolated RNA was treated with RNasefree DNase I (Promega, Madison, WI) at 37°C for 1 h. The reaction mixture was extracted with phenol:chloroform: isoamyl alcohol (25:24:1, v/v) followed by ethanol precipitation. Phal-ACS1, 2, and 3 genes were not amplified by PCR with their specific primers when the DNase I-treated RNA was used as template, confirming that the RNA samples were apparently free from genomic DNA contamination. Each RNA sample was quantified with a spectrophotometeric method (Sambrook et al., 1989) . The A 260 /A 280 values of the RNA samples were all greater than 1.7. To ensure the quality of RNA for RT-PCR analysis, the RNA samples were also visualized on agarose gels following ethidium bromide staining (data not shown).
RT-PCR Analysis
For semiquantification of Phal-ACS transcripts in RNA samples, one-step RT-PCR experiments were performed according to Lee et al. (1997) with modification. In a final volume of 20 L, the reaction mixtures contained 50 units of SuperScript II RNase H Ϫ reverse transcriptase (Life Technologies/Gibco-BRL), 1 unit of Taq DNA polymerase (Life Technologies/Gibco-BRL), 10 nmol of each dNTP, 10 units of RNase inhibitor (Promega), 1 mol of KCl, 50 nmol MgCl 2 , 2 g bovine serum albumin, 0.4 mol Tris-HCl (pH 8.5), 10 pmol of each primer, and indicated amount of template RNA. To check the efficiency of individual RT-PCR, 200 pg of jellyfish green fluorescence protein (GFP) mRNA produced by in vitro transcription was spiked into the reaction mixtures as an internal control. The GFP mRNA was also found to be free from contamination of its cDNA after RNase-free DNase I treatment. A thermocycler was used to perform 1 cycle of 30 min at 50°C for reverse transcription followed by 35 cycles of 30 s at 94°C, 30 s at 57°C, and 45 s at 68°C, and then 1 cycle of 7 min at 68°C for PCR. Semiquantification of the RT-PCR products was performed by analyzing the digitized images of the DNA bands resolved on agarose gels using computer software (Bio-1D, version 97, Vilber Lourmat, France). Primers used for RT-PCR amplification of Phal-ACS cDNA were designed according to the sequences of orchid. ACC synthase cDNA published by Bui and O'Neill (1998) are as follows: 5Ј-TGGAGTCACCATCTTCCCAG-3Ј and 5Ј-GGAGATCAG ATGAATGGTTT-3Ј for Phal-ACS1, 5Ј-GGATCTTAAGTGG AGAACTGGAGTCAAG-3Ј and 5Ј-TGAGTAG ATTTCGTC GGAGATTAAATGG-3Ј for Phal-ACS2, and 5Ј-GGATCT TAAATGGCGAACCGGAGC-3Ј and 5Ј-GGAGTAGATTT CGTCGCAGATGAGATGAAG-3Ј for Phal-ACS3. Plasmid harboring a fragment of ACS1, ACS2, or ACS3 cDNA was used as template to check the specificity of primers, and the results indicated that each primer set was so specific that they did not cross amplify other Phal-ACS cDNA under our PCR conditions. The sequences of the primers used for RT-PCR amplification of GFP cDNA were 5Ј-TGAGCAAGG GCGAGGAGCTGTTC-3Ј and 5Ј-CTGCAGCCCGGGCGG CCGCTTTAC-3Ј. To find the amount of RNA suitable for linear amplification, we used 2, 5, 10, 20, and 50 ng of total RNA from pollinated or OA-treated orchid flower organs, and linear increase of RT-PCR products was observed in reactions with RNA up to 50 ng (data not shown). Therefore, we used 20 ng of total RNA for RT-PCR analysis in all of the experiments. 
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